The emerging field of neuroepigenetics As outlined above, epigenetics classically serves to propagate acquired non-DNA-sequence information to progeny cells. Neuroepigenetics (defined as 'epigenetics as it pertains to neurons') involves the same chemical modifications of DNA and histones; however, in neurons (which 
Conrad Waddington coined the term epigenesis in the 1940s to describe his logical deduction that, during embryonic development, a set of mechanisms must exist that resides above ('epi') the level of genes such that identical genes can be differentially expressed in different cell types and contexts to determine cell fate 1 . Epigenetics (as epigenesis is now termed) in its most classical sense encompasses a wide range of heritable changes in gene expression that occur in response to environmental influences and that do not result from alterations in the DNA sequence. These alterations typically arise owing to DNA methylation or hydroxymethylation, histone post-translational modifications and changes in nucleosome positioning; these processes are collectively referred to by the broad term 'chromatin remodelling' . Recent studies have identified histone variants, microRNAs (mi RNAs) and long non-coding RNAs (lncRNAs) as additional epigenetic mechanisms [2] [3] [4] [5] [6] [7] 
.
In addition to driving heritable changes in gene expression, epigenetics is also a mechanism through which experience can modify synaptic plasticity, the acquisition and consolidation of memory, the wiring of neural circuits and information flow. Chromatin remodelling can enable alterations in the expression of genes that are associated with synaptic plasticity during development and throughout adult life 8 , and thus allow genetic predisposition, experience and neuronal activity to act together to modify cellular and behavioural responses. Furthermore, as illustrated by recent striking findings, epigenetic dysregulation is implicated in the impaired cognition and neuronal death that are associated with neurodegenerative diseases [9] [10] [11] . In particular, in several diseases that have different underlying causes and pathophysiologies, impaired cognition and neuronal death have been shown to involve the dysregulation of the restrictive element 1-silencing transcription factor (REST; also known as NRSF), which orchestrates the epigenetic remodelling of genes that are essential for synaptic plasticity and survival.
In this article, we review the mechanisms by which the epigenetic modification of gene expression regulates memory acquisition and consolidation in the healthy brain and describe how epigenetic dysregulation contributes to the impaired cognition and neuronal death that are associated with neurodegenerative diseases. We focus on a subset of neurological disorders (namely, Alzheimer disease, Huntington disease, stroke and global ischaemia) for which the evidence supporting the contribution of epigenetics is most well established. Finally, we highlight the potential power of new therapeutic approaches that target the epigenetic machinery to ameliorate the symptoms associated with these diseases. 
Box 1 | Epigenetic modifications
Nucleosomes are the basic unit of chromatin and are composed of a 146 bp stretch of genomic DNA wrapped around an octamer of the core histone proteins H2A, H2B, H3 and H4. Histone octamers are connected to one another by linker DNA, which spans the region between the nucleosomes, and linker histones, which bind to and stabilize the linker DNA 97, 98 . DNA and histone modifications, changes in nucleosome positioning, histone variants, microRNAs and long non-coding RNAs (lncRNAs) constitute the basic mechanisms that underlie chromatin remodelling 98 .
DNA methylation and hydroxymethylation
In the brain, DNA methylation and hydroxymethylation denote gene activation or repression, and their effects extend over long chromosomal domains, giving rise to 'memorized' states of gene expression 99 . DNA methyltransferases (DNMTs) -including DNMT1, DNMT3A and DNMT3B -catalyse the transfer of methyl groups from S-adenosyl-l-methionine (SAM) to the 5-position carbon in cytosines within DNA to generate 5-methylcytosine (see the figure, part a). Although this methyl group transfer was originally thought to be irreversible, recent evidence has revealed that DNA can rapidly and reversibly undergo changes in methylation and can undergo demethylation 12 . A recently discovered family of dioxygenases known as the ten-eleven translocation (TET) proteins (TET1, TET2 and TET3) can catalyse the conversion of 5-methylcytosine to 5-hydroxymethylcytosine 16, 100 . The hydroxymethyl moiety is labile and can rapidly regenerate unmethylated cytosines (indicated by the dashed arrow), which in turn activate genes.
Post-translational histone modifications
Each histone has a central domain and several unstructured amino-terminal tails that contain sites for more than 100 post-translational modifications 101 , including acetylation (denoted 'Ac' in part b of the figure), methylation (denoted 'Me'), phosphorylation (denoted 'P'), ubiquitylation, sumoylation, deamination and poly(ADP) ribosylation. Part b of the figure shows the sites at which histone H3 is post-translationally modified by acetylation, methylation and phosphorylation. These marks are added by chromatin-remodelling enzymes known as 'writers' and are removed by enzymes known as 'erasers'. Distinct, site-specific post-translational modifications of core histone proteins act sequentially or combinatorially to create a 'histone code' that is recognized by proteins known as 'readers'. Readers recognize epigenetic marks on core histones through specialized motifs and are thereby recruited to the promoters of target genes 98 .
Histone variant exchange
The replacement of one histone variant with another is an additional mode of chromatin remodelling that is important in memory consolidation. Unlike canonical histones, histone variants undergo replication-independent expression, and they have pronounced effects on nucleosome stability and positioning 102 . The variant H2A.Z replaces the canonical histone H2A in the hippocampus, where it blunts memory formation in response to fear conditioning in mice 103 , which implicates H2A.Z as a negative regulator of memory consolidation 104 . Moreover, the exposure of mice to an enriched environment promotes the incorporation of the variant H3.3 into the chromatin of active genes in the hippocampus 104 , whereas blocking the turnover of H3.3 diminishes spine density, miniature excitatory postsynaptic current amplitude at CA1 synapses and hippocampus-based learning 104 . These findings implicate histone variants as potential therapeutic targets for the impaired cognition that is associated with neurodegeneration.
Part b is adapted with permission from REF. 105 , Macmillan Publishers Ltd.
Long-term potentiation
(LTP). A long-lasting (hours or days) increase in the response of neurons to the stimulation of their afferents following a brief patterned stimulus (for example, a 100 Hz stimulus).
Contextual fear conditioning
A form of conditioning in which animals associate the conditioning context (the 'neutral' conditioned stimulus) with an aversive stimulus (for example, a footshock).
do not divide) these modifications are not propagated to progeny cells. Despite this key difference between classical epigenetics and neuroepigenetics, the same transcription factors and epigenetic mechanismsincluding DNA methylation and hydroxymethylation, histone post-translational modifications, histone variants, mi RNAs, lncRNAs and changes in nucleosome positioning -function to modify transcriptional output in both settings. As described below, these epigenetic mechanisms are co-opted in neurons for information storage and circuit regulation. As such, the failure of these systems can disrupt basic network-related cognitive function and might contribute to neurodegenerative disease.
DNA methylation and memory
In the brain, DNA methylation -which typically acts to silence gene expression -is an essential mediator of memory acquisition and storage 12, 13 . In addition to their pivotal role in brain development, the DNA methyltransferases DNMT1, DNMT3A and DNMT3B also have a key role in the experience-dependent modification of brain function in adulthood 10, 14 . The targeted deletion of Dnmt1 and/or Dnmt3a in mice results in the loss of long-term potentiation (LTP) at CA1 synapses in the hippocampus, and deficits in hippocampus-based learning and memory 15 . DNMTs are upregulated in the adult rat hippocampus in response to contextual fear conditioning, and the inhibition of DNMTs before the stimulus blocks fear conditioning 12 . Moreover, fear conditioning in rats promotes the rapid DNMT-dependent methylation and transcriptional silencing of the gene encoding the catalytic subunit of the memory suppressor protein phosphatase 1 (PP1), as well as the rapid DNMTdependent demethylation (resulting in a rapid switching in methylation status) and active transcription of Reln, which encodes a plasticity-associated protein 12 . Thus, memory formation can be associated with changes in DNA methylation.
Although methylation was originally thought to serve as a stable mark of gene silencing, we now know that changes in the DNA methylation status of synaptic plasticity-associated and memory-associated genes can be both rapid and reversible 12 . The methylcytosine dioxygenases ten-eleven translocation protein 1 (TET1), TET2 and TET3 catalyse the conversion of 5-methylcytosine to 5-hydroxymethylcytosine 16 . In mice, TET1 acts in an activity-dependent manner to promote the DNA demethylation and activation of genes crucial for memory formation and consolidation 17 , including those encoding brain-derived neurotrophic factor (BDNF), fibroblast growth factor (FGF), activity-regulated cytoskeletal-associated protein (ARC), early growth response protein 1 (EGR1), the transcription factor FOS, the scaffolding protein HOMER1 and nuclear receptor subfamily 4 group A member 2 (NR4A2). The loss of TET1 activity leads to a deficit in long-term contextual fear memory 17 . Accordingly, the impaired cognition that is associated with neurodegeneration could potentially involve the dysregulation of both DNA methylation and demethylation, as well as the dysregulation of the rapid switching between the two states (see above) 18 .
Histone modifications and cognition
Histone acetylation is the modification that is best understood and most tightly associated with memory formation. The addition of acetyl groups to histones is catalysed by histone acetyltransferases (HATs). Histone acetylation relaxes the interactions between histones and DNA, leading to a more open configuration that enables the transcriptional machinery to access gene promoters. One of the earliest studies linking histone modifications to cognition reported that novel taste learning in mice activates extracellular signal-regulated kinase (ERK)-mitogen-activated protein kinase (MAPK) signalling, which in turn activates HATs and thereby drives histone acetylation at gene promoters in the insular cortex, a brain region that is crucial for the formation of novel taste memories 19 . These findings implicated histone acetylation in single-trial learning and the acquisition of long-term memories. Accordingly, histone deacetylase (HDAC) inhibitors, which increase the acetylation of histone tails, lower the threshold for LTP and increase its magnitude at CA1 synapses, and improve the performance of mice in a contextual fear conditioning paradigm 20 . Mice that express a dominant-negative form of cAMP response element-binding protein (CREB)-binding protein (CBP; a HAT and crucial binding partner of CREB) and mice deficient in CBP exhibit deficits in LTP and long-term memory [21] [22] [23] that are ameliorated by HDAC inhibitors 21, 22 . In humans, mutations in the gene encoding CBP or its homologue p300 result in Rubenstein-Taybi syndrome, which is an inherited, autosomal dominant disease characterized by severe learning disabilities 24, 25 . These findings established a role for histone acetylation in synaptic plasticity and memory formation, and provided a rationale to explore the role of altered acetylation in the cognitive decline associated with neurodegenerative disease. Indeed, a landmark study that made use of the CK-p25 mouse model of neurodegeneration (in which p25, a protein implicated in neurodegeneration, is conditionally expressed under the control of the promoter of the gene that encodes calcium/calmodulindependent protein kinase II) showed that lost memories could be recovered through chromatin modification 26 . The exposure of the mice to an enriched environment -which increases the acetylation of H3K9 or H3K14, and the methylation of H3K4 (that is, epigenetic marks of active gene transcription) -or the in vivo administration of HDAC inhibitors that boosts histone acetylation could reinstate lost memories even after neuronal loss and brain atrophy had occurred 26 by enhancing the performance of the small number of surviving neurons 26 .
Histone acetylation and neuronal death
In addition to their role in modulating memory function, histone modifications have been linked to the neuronal cell death that drives memory loss in neurodegenerative disease. It has been shown that ischaemic insults activate REST (which silences its target genes through the recruitment of HDAC1 and HDAC2; see below) in selectively vulnerable CA1 neurons before the onset of neuronal death in a clinically relevant model of global ischaemia 27, 28 . Accordingly, in vivo administration of the HDAC inhibitor trichostatin A (TSA) immediately after neuronal insult ameliorated ischaemia-induced neuronal death 28 .
Transcription factors drive remodelling
Several transcription factors have been identified as master regulators of epigenetic remodelling in the brain. To date, most of our understanding of the role of these factors in coordinating neuroepigenetics comes from work on REST and the Polycomb proteins, which are gene-silencing transcription factors that act through their effects on histone acetylation and methylation to coordinate the expression of genes encoding synaptic vesicle proteins, receptors, channels and adhesion proteins. These transcription factors have been shown to have a role in normal brain development and function, and their dysregulation is thought to contribute to neuro logical diseases.
REST orchestrates epigenetic remodelling. REST is widely expressed during embryogenesis 29, 30 . In pluripotent stem cells and neural progenitors, REST actively represses a vast array of coding and non-coding neuron-specific genes, many of which are important for synaptic plasticity and structural remodelling during development. These include genes encoding synaptic vesicle proteins, ion channels, neurotransmitter receptors, and mi RNAs that regulate networks of non-neuronal genes 31 . Bioinformatics analysis predicts that there are more than 2,000 putative REST targets in the mammalian genome 32, 33 . During the late stages of neuronal differentiation, the elimination of REST is crucial for the acquisition of the neuronal phenotype 34 . In differentiated neurons, REST is normally quiescent, but it can be transiently activated during postnatal development in an experience-dependent manner to promote the acquisition of the mature form of the NMDA receptor (NMDAR) 35 , and in response to neuronal insults such as seizures 36, 37 , global ischaemia 27, 28, 38 and stroke 39, 40 . As described in more detail below, it has been reported that excessive amounts of REST accumulate in the nuclei of selectively vulnerable striatal cells in Huntington disease 41, 42 (although a recent study has reported a different result 43 ). In the healthy ageing brain, REST silences genes involved in apoptosis and oxidative stress 44 , whereas the loss of REST is causally linked to Alzheimer disease 44 . A fundamental mechanism by which REST silences target genes in neural progenitors and neurons during development and in differentiated neurons is that of epigenetic remodelling 28, 34 
. Recent evidence suggests that REST not only silences but also activates target genes. For example, REST has been shown to bind to the short form of TET3 (the major TET isoform expressed in neurons) and guide it to the promoters of REST target genes for directed 5-hydroxymethylcytosine generation and activation 45 . In addition, the REST-TET3 complex interacts with histonelysine N-methyltransferease NSD3 (also known as nuclear SET-domain-containing protein 3) and two other H3K36 methyltransferases to add a trimethylation moiety to the core histone protein H3 at lysine 36
Box 2 | Restrictive element 1-silencing transcription factor silences target genes by epigenetic remodelling
Restrictive element 1-silencing transcription factor (REST) initiates the repression of gene transcription by binding to restrictive element 1 (RE1), a 21-23 bp recognition motif that is contained within the promoters of target genes, and recruiting its co-repressors REST co-repressor (CoREST) and SIN3A [106] [107] [108] . This generates platforms that in turn recruit histone deacetylases (HDACs), including HDAC1 and HDAC2 (see the figure). HDACs deacetylate core histone proteins and mediate gene silencing by tightening the chromatin, which prevents the access of the transcriptional machinery to gene promoters 92, 93 . REST also represses gene expression through its association with G9A, which is a site-specific histone methyltransferase that adds a dimethylation mark to histone 3 at lysine 9 (H3K9me2); the NADH-sensitive co-repressor carboxy-terminal binding protein 1 (CTBP1; not shown) 109 ; and the site-specific histone demethylase LSD1, which removes monomethyl and dimethyl moieties from H3K4, thus promoting gene repression 110, 111 . In addition, REST assembles with methyl-CpG-binding protein 2 (MECP2), which is recruited to epigenetic marks 34, 112 and promotes epigenetic remodelling in a REST-dependent or REST-independent manner 34, 112 . It is well known that REST target genes can be repressed even after REST is depleted owing to the continued presence of co-repressors such as CoREST and MECP2 (REF. 34 ). The binding of REST to RE1 sites is stabilized by BRG1 (not shown), a chromatin-remodelling bromodomaincontaining enzyme that recognizes histone H4 acetylated at K8 (H4K8ac), which is an epigenetic mark of gene repression that recruits REST to RE1 sites 113 . Upon binding to DNA, BRG1 promotes nucleosome repositioning, which stabilizes the interaction of REST with RE1 sites and promotes gene repression 114 . In addition, the REST-co-repressor complex may recruit the DNA methylation machinery, which promotes the methylation of cytosines at the promoters of REST target genes 34 . These observations link REST not only to histone modifications but also to DNA methylation, and have important implications for drug discovery.
Ubiquitin-based proteasomal degradation
A process that is initiated by a protein complex and is based on ubiquitin, a 76-amino acid protein that forms a covalent link with (and thereby marks) proteins destined for degradation. Proteins tagged by a poly-ubiquitin chain are targeted to the proteasome, which is a large, multimeric, barrel-like complex that degrades proteins by proteolysis.
and generate H3K36me3, which is a strong mark of gene activation that promotes the context-specific transcription of REST target genes 45 . These observations reveal that the mechanisms by which REST influences the expression of neuronal genes are more complex than was initially appreciated.
REST abundance is regulated at the level of protein stability. In stem cells and neural progenitors, REST abundance is bidirectionally controlled by ubiquitin-based proteasomal degradation 34, [46] [47] [48] [49] that is dependent on β-TrCP (also known as BTRC and F-box/WD repeat-containing protein 1A) and by deubiquitylation that is dependent on ubiquitin carboxyl-terminal hydrolase 7 (USP7; also known as HAUSP) 50 , which add a new dimension to the relationship between the ubiquitin-proteasomal pathway and epigenetic regulation. A recent study showed that REST abundance is regulated by β-TrCP-dependent, ubiquitin-based proteasomal degradation in differentiated neurons and identified casein kinase 1 (CK1) as an upstream signal that promotes the interaction of REST with β-TrCP 49 
Polycomb proteins coordinate epigenetic remodelling. First discovered for their role in specifying the variegation and patterning of the wings and legs of Drosophila melanogaster 51 , Polycomb proteins are transcriptional repressors that are activated in differentiated neurons by ischaemic preconditioning 52 . Bioinformatics analyses predict that there are more than 500 putative Polycomb protein targets. Polycomb proteins form large multimeric complexes known as Polycomb repressive complex 1 (PRC1) and PRC2, which are recruited to the genome where they enforce global gene silencing by altering local, higher-order chromatin structure 53 . The histone-lysine N-methyltransferases enhancer of zeste homologue 1 (EZH1) and EZH2, which are the catalytically active components of PRC2, add a H3K27me3 mark, which is a strong mark of gene repression. The recruitment of PRC1 to the genome also initiates repression through the deposition of trimethylation marks. Subsequently, PRC1 is recruited to and stabilized at regions of the genome marked by H3K27me3. Two recent studies demonstrate that EZH2 also recruits DNMTs, thus providing a direct link between two key epigenetic silencing mechanisms: the Polycomb proteins and DNA methylation 54, 55 . Polycomb proteins mediate the protection of hippocampal neurons in response to ischaemic preconditioning 52 , as demonstrated by a proteomics profiling study that revealed an abundance of proteins involved in chromatin remodelling -including histone H2A and H2B variants and the Polycomb proteins BMI1 and SCMH1 -in the ischaemia-tolerant brain 52 . Polycomb proteins act through chromatin remodelling to repress the expression of proteins that mediate neuronal death and to promote cellular arrest, which is a state that is reminiscent of hibernation and enables neurons to survive the hypoxia that is associated with ischaemic stroke (FIG. 1) . In addition, Polycomb proteins are implicated in Huntington disease (see below).
Non-coding RNAs and synaptic plasticity
Accumulating evidence implicates mi RNAs and lncRNAs in the epigenetic regulation of gene expression. mi RNAs are small non-coding RNA molecules (each containing ~22 nucleotides) that function in RNA silencing and the post-transcriptional regulation of gene expression. In early brain development, mi RNAs are crucial for synapse formation and maturation, and for dendritogenesis [56] [57] [58] . A powerful feature of mi RNAs is their ability to control entire networks of genes in neurons in response to neural activity [56] [57] [58] . Moreover, neuron-specific mi RNAs can act in dendrites to regulate the local protein synthesis that is crucial for synaptic plasticity and cell survival [56] [57] [58] . Recent findings suggest that there is an interaction between REST and mi RNAs in the transition of pluripotent stem cells into neurons. A subset of mi RNAs, including miR-9 and miR-9*, are functionally validated targets of REST. In addition, a reciprocal doublenegative feedback loop exists in which miR-9 targets REST and miR-9* targets REST co-repressor (CoREST; also known as RCOR1): thus, the suppression of miR-9 and miR-9* expression results in increased REST and CoREST expression 59 . This is important because miR-9 and miR-9* are misregulated in Huntington disease, suggesting that REST activity may also be altered in this disease 59 . The loss of another miRNA that is a target of REST, miR-132, is causally related to the pathophysiology of focal and global ischaemia, and is linked to neuronal death 60, 61 . lncRNAs are >200 nucleotides in length and serve as molecular scaffolding proteins that tether two or more transcription factors to target genes. Long intergenic non-coding RNAs (lincRNAs) are located and transcribed within intergenic stretches of DNA where they serve to influence gene expression. A prominent example of a lincRNA implicated in REST-mediated epigenetic remodelling is HOX transcript antisense RNA (HOTAIR). EZH2 is recruited by HOTAIR to REST at restrictive element 1 (RE1; also known as NRSE) sites within the genome, where REST and EZH2 act synergistically to silence target genes 62 .
Epigenetics and neurodegeneration
Many of the epigenetic mechanisms discussed above have been shown to be altered in specific neurodegenerative diseases. The following section summarizes the role of DNA methylation and histone modifications in neurodegenerative diseases. We focus on the neuro logical disorders for which the supporting data are strongest: namely, Alzheimer disease, Huntington disease, stroke and global ischaemia.
Alzheimer disease
Alzheimer disease is the most common late-onset neurodegenerative disorder and is characterized by progressive cognitive decline and neuronal death. As most cases of Alzheimer disease are sporadic and develop over time, we believe that environmental factors result in alterations in gene expression that are not 'hardwired' into the DNA sequence and that may contribute Restrictive element 1-silencing transcription factor (REST) is widely expressed throughout embryogenesis 31 , and its elimination at the end of neuronal differentiation is crucial for the elaboration of the neuronal phenotype. In pluripotent stem cells, neural progenitors and cancer cells, REST abundance is regulated by ubiquitin-based proteasomal degradation. In differentiated neurons under physiological conditions, casein kinase 1 (CK1) is activated and ensures that REST abundance remains at low basal levels (see the figure, left panels). CK1 phosphorylates REST at serine residues within its two degron motifs, thus enabling the recognition and binding of the E3 ligase β-TrCP (phosphorylation is denoted 'P' in the figure). β-TrCP is a member of the F-box family of E3 ligases that binds to several target proteins -including the transcription factors REST, β-catenin 115 and nuclear factor-κB2 (NF-κB2; also known as NF-κB p100 subunit) 116 -and initiates their ubiquitylation (denoted 'Ub' in the figure) . Upon binding, β-TrCP initiates the ubiquitylation of REST (the substrate) and primes it for ubiquitin-based proteasomal degradation. A recent study identified a proline-rich motif upstream of the phospho-degron motifs that, when phosphorylated by extracellular signal-regulated kinase 1 (ERK1) or ERK2, promotes REST degradation in neural progenitor cells, a mechanism that is implicated in the timing of REST elimination in the end stages of neural differentiation 117 . Neuronal insults, such as ischaemia 28, 61 , reduce the levels of CK1 and β-TrCP, allowing the levels of REST to rise in a spatially restricted set of neurons (see the figure, right panels). Upon induction, REST binds to the restrictive element 1 (RE1) elements in target genes and assembles into a large co-repressor complex that includes SIN3A, REST co-repressor (CoREST), histone deacetylase 1 (HDAC1), HDAC2, G9A, carboxy-terminal binding protein 1 (CTBP1; not shown) 109 , LSD1 (not shown) 110, 111 and methyl-CpG-binding protein 2 (MECP2). The co-repressor complex orchestrates epigenetic modifications and gene silencing in a cell-specific and context-specific manner
REST can also be degraded through the autophagy pathway, as occurs, for example, in Alzheimer disease 44 and possibly in other neurodegenerative disorders. The activation of autophagy by serum deprivation in SH-SY5Y cells results in the translocation of REST from the nucleus to the cytoplasm, where it colocalizes to punctate structures that also contain autophagosome markers 44 . Moreover, REST colocalizes with amyloid-β in a subset of autophagosomes 44 . This might occur because the ubiquitin-proteasome system becomes overloaded or impaired in neurodegenerative disorders such as Alzheimer disease. A number of proteasome substrates have been shown to also be degraded by autophagy Recognition and binding Catalytic activity to disruptions in synaptic signalling and neuronal survival. Recent findings implicate the dysregulation of REST and REST-dependent epigenetic remodelling in this process.
A recent study 44 revealed that REST expression and function -as assessed by measuring the binding of REST to canonical RE1 sites in its target genes -are ubiquitous features of normal ageing, and that the loss of REST is associated with mild or severe cognitive impairment and Alzheimer disease (FIG. 2a) . In this study, immunofluorescence revealed a striking increase in REST abundance in the nuclei of neurons in the prefrontal cortex and in hippocampal CA1 and CA3 of normal ageing subjects that is lost in subjects with mild or severe cognitive impairment or Alzheimer disease. The authors showed that, during normal ageing, REST is activated at least in part by the WNT signalling pathway 63 . Subsequent chromatin immunoprecipitation followed by sequencing (ChIP-seq) experiments in a neural cell line 44 revealed the enrichment of REST at targets involved in neuronal death (namely, the genes encoding p38 MAPK, FAS (also known as TNFRSF6), FAS-associated death domain protein (FADD), tumour necrosis factor receptor type 1-associated death domain protein (TRADD), BAX, BH3-interacting domain death agonist (BID), BCL-2-binding component 3 (BBC3; also known as PUMA), mitochondrial permeability transition pore proteins and cytochrome c) and those involved in Alzheimer disease pathology (namely, the genes encoding γ-secretase, presenilin 2, presenilin enhancer protein 2 and cyclin-dependent kinase 5 activator 1). Thus, REST regulates the expression of genes that are involved in oxidative stress and β-amyloid toxicity, which is consistent with the concept that the sustained maintenance of the REST-driven programme of gene repression confers neuroprotection. REST was also enriched at the promoters of genes involved in neurotransmission in normal ageing, but its binding to these promoters was markedly reduced in both early-stage and late-stage Alzheimer disease 44 . mRNA expression of these neurotransmission-related genes is indeed derepressed (that is, their expression is increased relative to controls) in early-stage Alzheimer disease; however, this is not the case in late-stage Alzheimer disease 44 , which might reflect either the loss of neurons or other regulatory changes. For example, during neuronal development, genes can still be repressed after REST is depleted, owing to the continued presence of co-repressors such as CoREST and methyl-CpG-binding protein 2 (MECP2) 34 . In addition to repressing genes that promote neuronal death, REST promoted the expression of anti-apoptotic genes and genes that mediate resistance to oxidative stress. Consistent with this, mice deficient in REST exhibited increased vulnerability to oxidative stress.
This study was important, as it demonstrated a neuroprotective role for REST in the ageing brain that transcends its role in Alzheimer disease. REST was also significantly depleted in neurons from subjects with frontotemporal dementia or dementia with Lewy bodies 44 . Moreover, recent findings have revealed that REST is protective in an animal model of Parkinson disease. Ischaemic preconditioning is a well-known phenomenon in which a brief, sublethal ischaemic insult confers hippocampal CA1 neurons with robust protection against a subsequent severe ischaemic challenge [123] [124] [125] . Ischaemic preconditioning promotes the expression of the Polycomb proteins SCMH1, BMI1 and RING2, and the core histone protein H2A, as well as the formation of Polycomb protein complex 1 (PRC1) and PRC2. PRC2 associates with the promoters of target genes. The catalytically active subunits of PRC2, enhancer of zeste homologue 1 (EZH1) and EZH2, catalyse the trimethylation of histone H3 at lysine 27 (H3K27me3), a hallmark of EZH2-mediated gene repression. Chromodomaincontaining protein (CBX; also known as chromobox protein homologue 1), a component of PRC1, recognizes and binds to H3K27me3, and thereby recruits PRC1 to the promoter. SCMH1 is a component of PRC1 (REF. 126) and is crucial for the neuroprotection induced by ischaemic preconditioning 52 . The PRC1 protein BMI1 is a Polycomb ring-finger protein that protects against stress-induced cell death 127 and p53-mediated cell death 128 . RING2 catalyses the mono-ubiquitylation of histone H2A at lysine 119 (H2AK119ub1), a post-translational modification that represses transcript elongation by RNA polymerase. It has been shown that ischaemic preconditioning is associated with the appearance of these epigenetic marks in the promoters of the genes Kcna5 and Kcnab2 (which encode voltage-gated potassium channel subfamily A member 5 and voltage-gated potassium channel subunit β2, respectively). The presence of these marks represses Kcna5 and Kcnab2 expression, and thereby attenuates the activity of voltage-gated potassium channels in the ischaemia-tolerant brain 52 , resulting in neuroprotection. PHC1, polyhomeotic-like protein 1; RPAP, RNA polymerase-associated protein. brain, stress increases WNT-β-catenin signalling (specifically that mediated by WNT3A and WNT7A) in the hippocampus and the frontal cortex. This promotes the nuclear translocation of restrictive element 1-silencing transcription factor (REST) and increased binding of REST to the restrictive element 1 (RE1) sites of REST target genes. This induction of REST nuclear abundance promotes neuroprotection by repressing the transcription of genes that encode proteins involved in neuronal death (such as BCL-2-binding component 3 (BBC3), BAX, death domain-associated protein 6 (DAXX), tumour necrosis factor receptor type 1-associated death domain protein (TRADD) and BCL-2-like protein 11 (BCL2L11)) and genes that encode proteins involved in Alzheimer disease (AD) pathology (such as members of the γ-secretase complex, which is implicated in amyloid-β (Aβ) generation). In AD-affected brains, oxidative stress activates autophagy 129 . The autophagosomes that are generated engulf REST, together with misfolded proteins such as Aβ and tau, which reduces REST abundance in the nucleus. The loss of REST in the nucleus causes an increase in expression of genes that are involved in oxidative stress and neuronal death. b | In the striatal neurons of wild-type (WT) mice, huntingtin (HTT) binds to and sequesters REST in the cytoplasm away from target genes that are important for neuronal activity and survival, such as brain-derived neurotrophic factor (BDNF) 71, 130, 131 . In the striatal neurons of mice carrying Huntington disease (HD)-related mutations, mutant HTT (mHTT) is unable to bind to and sequester REST, enabling REST to translocate to the nucleus where it silences target genes, thus promoting neuronal death 41, 42 . A recent study suggests that this mechanism may not apply to neurons, but rather to glial cells, in the striata of humans with HD 43 . CoREST, REST co-repressor; H3K9ac, histone H3 lysine 9 acetylation; HDAC, histone deacetylase.
Single-nucleotide polymorphisms
(SNPs). A type of genetic variation within a DNA sequence that occurs when a single nucleotide (for example, thymine) replaces one of the other three nucleotides (for example, cytosine).
RNA-induced silencing complexes (RISCs). A complex of proteins that is involved in silencing target mRNAs.
Substantia nigra neurons from mice deficient in REST are more vulnerable than wild-type neurons to MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) toxicity 64 . Consistent with this, MPTP promotes an increase in REST expression but at the same time drives the translocation of REST from the nucleus to the cytoplasm, eliciting the derepression of REST target genes and neuronal death.
Two recent independent epigenome-wide association studies involving cohorts of subjects with Alzheimer disease and healthy subjects identified increased methylation at four loci -namely, those encoding ankyrin 1 (ANK1), ribosomal protein L13 (RPL13), rhomboid 5 homologue 2 (RHBDF2) and cadherin-related protein 23 (CDH23) -in the Alzheimer disease cohort 65, 66 . Hypermethylation of ANK1 occurred predominantly at CpG sites 65, 66 . Moreover, ANK1 expression is altered in AD 65, 66 . ANK1 localizes to the plasma membrane, where it binds to the actin cytoskeleton. ANK1, RPL13 and RHBDF2 are biologically linked to protein tyrosine kinase 2β (PTK2β), which is encoded by a known Alzheimer disease-associated gene 65 . These studies were the first replicable, robust epigenome-wide association studies to demonstrate increased DNA methylation in post-mortem tissues from cohorts of patients with Alzheimer disease and healthy controls 65, 66 . Moreover, an independent study involving individuals with late-onset Alzheimer disease and sex-matched, age-matched healthy controls found single-nucleotide polymorphisms (SNPs) adjacent to the hypermethylated CpG sites in ANK1 in the Alzheimer disease samples 67 , which suggests that SNPs might be involved in the methylation of the ANK1 CpG sites. Indeed, one of these SNPs (the A allele of the rs515071 SNP in ANK1) was strongly associated with late-onset Alzheimer disease. This study implicates ANK1 polymorphisms as novel genetic risk factors for late-onset Alzheimer disease 67 . The relevance of the final gene shown to be hypermethylated in Alzheimer disease in this study, CDH23, remains unknown.
Despite the compelling evidence from each of these well-designed studies, there are important limitations. Notably, the microarray used in these studies covered only a small proportion (~2%) of the human genome 68 . In addition, the experiments were performed on heterogeneous brain tissue samples and, as such, could not distinguish altered DNA methylation in neurons from that in non-neuronal cells such as glia 68 . This problem is compounded in Alzheimer disease, in which there is substantial neuronal loss accompanied by glial proliferation 69 . Moreover, this approach cannot distinguish between methylation and hydroxymethylation, which have opposing effects on gene expression.
Huntington disease
Huntington disease is an autosomal dominant, lateonset neurodegenerative disease that is characterized by progressive motor and cognitive decline, and psychiatric disturbances that may result in premature death. Huntington disease is caused by a polyglutamine (CAG) repeat in the 5ʹ-coding region of the gene that encodes huntingtin. Neuropathological hallmarks of the disease include the loss of selectively vulnerable aspiny striatal neurons and the presence of aggregates of mutant huntingtin. A key feature of the effects of Huntington disease on the synapses onto aspiny striatal neurons is a marked reduction in the abundance of components of the NMDAR signalling complex, which is a crucial player in synaptic plasticity and cognition. The debilitating chorea exhibited by patients with Huntington disease has been attributed to the degeneration of the caudate putamen, which is caused, at least in part, by the loss of the supply of BDNF from the cortex 42, 43 . Transcriptional silencing (independent of the CAG expansion) is also central to the pathophysiology of Huntington disease and is presumed to occur, at least in part, as result of the interaction of mutant huntingtin with the transcriptional machinery. In addition, miRNA-mediated gene silencing results from the interaction of mutant huntingtin with the Argonaute protein family member AGO2 -which is the endonuclease involved in RNA-induced silencing complexes (RISCs) -and from the localization of huntingtin within processing bodies 70 . Accordingly, a focus of research has been the identification of the mechanisms that underlie this gene silencing.
A major advance occurred when it was shown that the dysregulation of REST and REST-dependent epigenetic remodelling has a central role in the gene silencing and progressive neurodegeneration that are associated with Huntington disease 41, 42, 71 . In wild-type mice, it was shown that huntingtin tightly binds to REST in the cytoplasm of vulnerable cells within the striatum, thus sequestering it away from target genes. In Huntington disease, the trinucleotide-repeat expansion in huntingtin disrupts the binding of huntingtin to REST, enabling REST to translocate to the nucleus, where it silences genes that are crucial for neuronal survival 41 (FIG. 2b) . Accordingly, the depletion of endogenous huntingtin in cells in culture and in mice is associated with the reduced transcription of genes that have RE1 sites 42 . The delivery of a dominant-negative REST mutant directly into the motor cortex of symptomatic mouse models of Huntington disease reduced REST occupancy and rescued the transcription of a subset of REST target genes in the brain 72 . These included the genes encoding the prosurvival peptide BDNF, proenkephalin and muscarinic acetylcholine receptor M 4 . Although the delivery of dominant-negative REST rescued transcription, it did not correct motor deficits, which suggests that there is another mechanism -in addition to REST-dependent gene silencing -that is required to induce the neuronal death that is associated with Huntington disease.
It is important to note that a more recent paper reported that REST abundance is increased in the nuclei of glia but not in those of neurons in autopsy tissue from humans with Huntington disease 43 . The discrepancy between this finding and that of earlier papers may have arisen because the previous studies that reported an enrichment of REST at the promoters of target genes by means of ChIP-on-chip analysis were performed on samples of parietal cortex tissue from patients with Huntington disease and, as such, could not distinguish neuronal REST from glial REST 41, 42, 71 . It is also possible that, despite a decrease in REST abundance in selectively
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vulnerable striatal neurons in humans with Huntington disease, the recruitment of REST to target genes such as BDNF might be increased 43 . Polycomb proteins have also been implicated in transcriptional dysregulation in Huntington disease. A recent study revealed that PRC2 silences genes that are involved in neuronal death and that the loss of PRC2 in medium striatal neurons induces progressive and fatal neurodegeneration in mice that resembles the neurodegeneration seen in humans with Huntington disease 73 . Moreover, loss of PRC2 in forebrain neurons induces the upregulation of genes involved in Huntington disease 73 . Genome-wide association studies have been performed in humans with Huntington disease, and in mouse and D. melanogaster models of the disease. Of note, a deficiency in 5-hydroxymethylcytosine, an epigenetic mark on DNA that enables rapid switching between 'on' and 'off ' states of transcription (see above), was found in a mouse model of Huntington disease 74 . Ingenuity Pathway Analysis revealed the aberrant methylation and silencing of genes that are important in neuronal development and differentiation in the striatum and cortex of a mouse model of Huntington disease during postnatal development 74 . Well-known pathways that were shown to be silenced in the Huntington disease model include the WNT-β-catenin-SOX signalling that is implicated in axonal guidance; the NMDAR-calcium-CREB signalling that is important in neuronal function and survival; GABA type A receptor signalling; and dopamine-PP1 regulatory subunit 1B (PP1R1B; also known as DARPP32) signalling 74 . These findings link a deficiency of 5-hydroxymethylcytosine to the impaired neurogenesis, aberrant neuronal function and neuronal death that are associated with Huntington disease.
Stroke
Stroke is the leading cause of disability in adults in the United States and is the second leading cause of death worldwide 75 . Symptoms result from an interruption of blood flow caused by thrombosis or embolism or, less frequently, haemorrhage or cardiac arrest. Although a vast number of pathways contribute to the neuronal injury that is associated with stroke, a considerable amount of evidence supports a role for DNA methylation in this process. Mutant mice that express reduced levels of DNMT1 exhibit protection from mild ischaemic damage, which suggests that DNA methylation exacerbates neuronal injury 76, 77 . Moreover, mice in which Dnmt1 was conditionally knocked out in one allele exhibited markedly reduced infarct volume in the transient middle cerebral artery occlusion (MCAO) model, which is a clinically relevant model of stroke 76, 77 . Accordingly, the demethylating agent 5-aza-2ʹ-deoxycytidine ameliorated ischaemia-induced neuronal death in wild-type mice 77 . Recent studies implicate REST in the pathophysiology of cerebral stroke. Rats subjected to transient MCAO exhibited marked expression of REST in the deep cortical layers and REST-induced silencing of sodium/calcium exchanger 1 (NCX1) in layer V of the temporoparietal cortex 39, 40 . This is notable because NCX1 enables the rapid transport of Ca 2+ ions and is thought to have an important role in promoting the return of Ca 2+ homeostasis following neuronal insults such as stroke 78, 79 . The acute knockdown of REST or site-directed mutagenesis of the RE1 site in the Ncx1 promoter rescued NCX1 expression, establishing a causal relationship between REST and the suppression of NCX1 expression in post-ischaemia tissue. Administration of entinostat (also known as MS-275) -an HDAC inhibitor that is currently in clinical trials for the treatment of cancer -in combination with the sirtuin 1 (SIRT1) activator resveratrol elicited neuroprotection in mice subjected to transient MCAO 80 . By blocking HDAC activity, entinostat promotes the acetylation of both transcription factor p65 (also known as RELA) and histone H3 (REF. 80 ). Entinostat and other HDAC inhibitors act, at least in part, by preventing the binding of a dimer comprising the nuclear factor-κB (NF-κB) p50 subunit and transcription factor p65 to the promoter of the gene encoding BCL-2-like protein 11 (BCL2L11; also known as BIM), which has a pro-apoptotic function, thereby preventing the expression of BCL2L11 and the onset of apoptosis 80 . Endogenous brain repair stimulated in response to stroke involves a set of highly interactive processesincluding angiogenesis, neurogenesis, synaptogenesis, oligodendrogenesis and axonal outgrowth -which together promote neurological recovery 81 . Emerging evidence implicates mi RNAs in this process. Ischaemia substantially alters the expression of mi RNAs that are involved in neurogenesis and brain repair 82 . Of note, stroke downregulates miR-124a, which normally acts via Notch and sonic hedgehog signalling to suppress the proliferation of neural progenitor cells in the subventricular zone of adult animals 83 . Ischaemia-induced downregulation of miR-124a derepresses the expression of the Notch ligand Jagged 1, leading to increased cellular proliferation and neurogenesis.
Global ischaemia
Transient forebrain or global ischaemia is a neurological disorder that occurs in association with cardiac arrest, open-heart surgery, profuse bleeding or carbon monoxide poisoning [84] [85] [86] . A prominent neurological sequela is cognitive impairment. Although all forebrain areas experience oxygen and glucose deprivation, neuronal death arising from a brief ischaemic event is restricted primarily to hippocampal CA1 and is not detected until 2-3 days after the insult. By 1 week after ischaemia, the CA1 pyramidal cell layer is ablated 86 . Although the mechanisms that underlie neuronal death in global ischaemia are complex, the considerable delay between the insult and the occurrence of cell death is consistent with a role for changes in gene expression. Within hours after an ischaemic episode, the expression of CK1 decreases, and REST is activated in the nuclei of CA1 pyramidal neurons 27, 28, 38 . Ischaemia also triggers the activation of the co-repressors of REST 28 . Upon ischaemia-mediated activation, REST assembles with CoREST, SIN3A, HDAC1, HDAC2, G9A (also known as EHMT2), LSD1 (also known as KMT1A) and MECP2 (to form the REST-co-repressor complex) at the promoters of target genes and orchestrates epigenetic remodelling
ChIP-on-chip profiling and bioinformatics analysis have revealed that the REST-co-repressor complex orchestrates the silencing of an ensemble of 'transcriptionally responsive' target genes (including those encoding the AMPA receptor subunit glutamate receptor 2 (GluA2), the NMDAR subunit glutamate receptor ionotropic NMDA 1, neuronal acetylcholine receptor subunit β2, muscarinic acetylcholine receptor M 4 , neurofilament heavy polypeptide, NF-κB subunit 2, transient receptor potential cation channel subfamily V member 1 and synaptotagmin 6), of which the gene encoding GluA2 was a top hit. Genes with enriched REST binding exhibited decreased mRNA-level and protein-level expression in CA1 after ischaemia.
In addition to these transcriptionally responsive coding genes, REST also promotes the epigenetic remodelling and silencing of mi RNAs such as miR-132 in the neurons of animals subjected to global ischaemia in vivo 61 . miR-132 is crucial for activity-dependent synaptic plasticity, the sculpting of dendritic arborization 56, 87 and neuronal survival 88, 89 , and it suppresses the expression of the genes encoding phosphatase and tensin homologue, forkhead box protein O3 and p300, which are known to promote apoptosis 88, 89 . Accordingly, the overexpression of miR-132 reduces ischaemia-induced cell death 61 . These findings indicate a protective role for miR-132 in the context of global ischaemia.
Targeting the epigenetic machinery An effective treatment for the cognitive and motor deficits that are associated with most neurodegenerative diseases remains an unmet medical need. Components of the epigenetic machinery -such as DNMTs, the TET family of DNA demethylases, HDACs, HATs, methyltransferases, mi RNAs and lncRNAs -all represent potential targets for the development of epigenetic drugs. Modifications of histones and DNA are reversible, which makes them good targets for therapeutic intervention. Moreover, the transcriptional repressor REST assembles with other chromatin-remodelling enzymes that together orchestrate changes in not only histone modifications but also DNA methylation. In this section, we highlight the potential power of new therapeutic approaches that target the epigenetic machinery.
The past decade has witnessed the development of new chromatin-modifying drugs and their advance to clinical trials for use in patients with brain disorders. The most promising drugs to date are DNA-demethylating agents and HDAC inhibitors (TABLE 1) . Members of these two classes are approved by the US Food and Drug Administration for haematological malignancies and have been in use for the treatment of cancer for nearly two decades. The recent approval of two drugs that target DNA methylation (azactidine (also known as azacytidine; marketed as Vidaza by Celgene) and decitabine (also known as 5-aza-2ʹ-deoxycytidine; marketed as Dacogen by Eisai)) and two drugs that target HDACs (suberoylanilide hydroxamic acid (SAHA; also known as vorinostat; marketed as Zolinza by Merck) and romidepsin (also known as depsipeptide or FK228)) represents a major advance for epigenetic-based therapies 90 . HDAC inhibitors have a long history of use in psychiatry and neurology as mood stabilizers and anti-epileptics. More recently, they have been investigated as potential therapeutic agents for the treatment of neurodegenerative diseases primarily on the basis of their actions as anti-inflammatory agents 91 . Preclinical studies suggest that HDAC inhibitors may have therapeutic potential in neurodegenerative diseases including acute brain injury, stroke, Parkinson disease, Huntington disease and Alzheimer disease 91 (TABLE 1) . HDAC inhibitors can be classified into four main chemical families: namely, hydroxamic acids (TSA and SAHA), epoxyketones (such as trapoxin), short-chain fatty acids (sodium butyrate, phenylbutyrate and valproic acid) and benzamides 92, 93 . Of these, butyrates are known for their ability to penetrate the blood-brain barrier, which makes them potentially suitable for the treatment of brain disorders. Intense interest has focused on SIRT1, a Class III HDAC that is implicated in the neurodegeneration that is associated with Alzheimer disease and Huntington disease 94, 95 . The development of new drugs that block the binding of nicotinamide to SIRT1 and other NAD-dependent HDACs could enable the development of a new generation of drugs that target the epigenetic machinery with increased specificity. However, the application of these drugs for the treatment of neurodegenerative disorders is in its infancy.
The major challenge for the future is the development of drugs that can penetrate the blood-brain barrier, and ameliorate neurodegeneration and cognitive deficits with increased specificity and minimal toxicity. To date, most drugs that target the epigenetic machinery are nonspecific. Despite off-target effects and a lack of specificity, the HDAC inhibitor sodium butyrate restored learning and synaptogenesis in the CK-p25 model of neurodegeneration 26 , and the HDAC inhibitor TSA ameliorated ischaemia-induced neuronal death 28 . Thus, nonspecific treatments that target the epigenetic machinery can ameliorate impaired cognition and neuronal death in animal models. Another approach is to develop inhibitors that are specific for a single HDAC isoform. However, even an isoform-specific inhibitor can have multiple, even contradictory, actions. For example, HDAC6 localizes to the cytoplasm where it has a role in diverse and even opposing functions such as the degradation of proteins by autophagy and the deacetylation of tubulin, thereby disrupting axonal transport 96 . Thus, a class II inhibitor that blocks HDAC6 may have contradictory effects on neuronal function. Another problem is that drugs that target elements of the epigenetic machinery -such as HDACs and DMNTs -are not selective for a given brain region, cell type or gene. A possible strategy to overcome this lack of specificity would be to target a specific epigenetic modification rather than affect global modifications; this would increase clinical efficiency and, at the same time, reduce toxicity and side effects.
Concluding remarks
The epigenetics of neurodegenerative diseases and disorders is an emerging topic that has a great potential to inform the design of novel therapeutic strategies for ameliorating the cognitive deficits and neurodegeneration that are associated with neurological disorders and diseases. In the past decade, remarkable progress has been made in documenting a role for epigenetics in neurodegenerative diseases. New evidence implicates REST dysregulation in many of these disorders. A case in point is the discovery that the expression of REST in the prefrontal cortex is a universal feature of normal ageing and that the loss of REST in the prefrontal cortex of aged humans is associated not only with Alzheimer disease but also with frontotemporal dementia and dementia with Lewy bodies 44 . By contrast, REST expression in differentiated neurons is low at early ages, and the activation of REST in response to neuronal insults is causally linked to ischaemia-induced neuronal death. Collectively, these studies reveal that the impact of REST on its target genes varies in a contextspecific and cell-specific manner
Despite recent progress in our understanding of the role of epigenetics in learning and memory, and its dysregulation in neurodegenerative disorders, many questions remain unanswered. Is the dysregulation of REST and REST-dependent epigenetic remodelling causally related to the impaired cognition that is associated with Box 4 | The specificity of restrictive element 1-silencing transcription factor-dependent gene silencing
It is important to note that the subset of target genes that are responsive to restrictive element 1-silencing transcription factor (REST) -which are known as the 'transcriptionally responsive' genes -at a given developmental stage or in a particular disease state varies in a cell type-dependent and context-dependent manner. For example, the ensemble of REST target genes that exhibit altered expression after global ischaemia 28 differs from the ensemble of genes that show altered expression in the hippocampi of mice with kainite-induced seizures (an animal model of epilepsy) 119 , in the prefrontal cortex of humans with Huntington disease 42 and in the prefrontal cortex of healthy aged humans 44 . Moreover, the subset of transcriptionally responsive genes identified in unbiased, genome-wide studies that used REST chromatin immunoprecipitation followed by sequencing (ChIP-seq) in a neuroblastoma cell line 44 differs from that identified by large-scale ChIP-seq analysis in Jurkat cells 120 and from that identified by ChIP-on-chip analysis in mouse neural stem cells 121 . Thus, in different cell types, at different ages and in different disease states, REST regulates the expression of different subsets of target genes.
In silico analyses predict that there are approximately 2,000 putative REST target genes within the mammalian genome 32, 122 . The presence of noncanonical restrictive element 1 (RE1) motifs in the genome 120 accounts for an even broader repertoire of dynamically regulated, but lower affinity, REST targets. These observations raise the question of what factors determine the specificity of interaction between REST and its targets. An attractive possibility is that the epigenetic landscape -which varies with developmental stage, cell type, brain region and disease state -influences the affinity of REST for a subset of target genes. For example, the chromatin-remodelling protein BRG1 recruits REST to a specific ensemble of target genes 114 . It is therefore possible that other transcription factors may influence the enrichment of REST at the promoters of different sets of target genes. A case in point are the Polycomb group proteins, which serve as "global enforcers of epigenetically repressed states" in various cells types including neurons 51 . The Polycomb repressive complex 2 (PRC2) is recruited to RE1 sites within REST target genes by the long non-coding RNA (lncRNA) HOX transcript antisense RNA (HOTAIR) 62 . HOTAIR binds via its 3ʹ domain to the LSD1-REST co-repressor (CoREST)-REST complex, which is consistent with the concept that lncRNAs serve as scaffolds by providing binding platforms for the assembly of unique ensembles of chromatin-remodelling enzymes and thereby modify the expression of target genes 63 .
neurodegenerative disorders? What are the mechanisms that underlie the 'disconnect' between the nuclear abundance and binding affinity of transcription factors such as REST and Polycomb proteins at the promoters of target genes? Is a change in the epigenetic landscape sufficient to substantially alter the recruitment of transcription factors to their target genes? Does chromatin remodelling promote an increased vulnerability to neuronal insults, and/or do neuronal insults promote chromatin modifications that drive neuronal survival or cell death? Is it possible to identify a signalling pathway that is associated with a specific component of the epigenetic machinery (such as CK1, which negatively regulates REST) and that could serve as a novel target for the treatment of neurodegenerative disorders or for slowing their progression?
In summary, the past decade has witnessed the accumulation of a huge amount of evidence that collectively points to a role for the dysregulation of REST, a master transcriptional regulator of neuronal genes, in neurodegenerative disorders including Alzheimer disease, Huntington disease, stroke and global ischaemia. In each case, REST assembles to form a large macromolecular complex that orchestrates chromatin remodelling 34 . These observations link REST to epigenetic modifications of histones and DNA methylation, and are consistent with the possibility that drugs that target the epigenetic machinery will also target REST and thereby ameliorate the impaired cognition and neuronal death that are associated with these disorders.
